Over the two-decade lifetime of the LEP project, techniques for evaluating the quality of optical configurations have evolved considerably to exploit the growth in computer power and improved modelling of single-particle dynamics. These developments have culminated in a highly automated Monte-Carlo evaluation process whose stages include the generation of an ensemble of imperfect machines, simulation of the operational correction procedures, correlation studies of the optical functions and parameters of (both) beams, 4-dimensional dynamic aperture scans and tracking with quantum fluctuations to determine the beam core distribution. We outline the process, with examples, and explain why each step is necessary to realistically capture essential physics affecting performance. The mechanisms determining the vertical emittance, radial beam dishibution and dynamic aperture are especially important. As a storage ring in which an unusual variety of optics have been tested, LEP provides a valuable test case for the predictive power of the methodology.
INTRODUCTION
Persistent disagreement of, say, a factor of two between computed and measured dynamic apertures would invalidate computation as a rational means of assessing the quality of a storage ring optics.
However, the potential of an optical configuration only becomes clear after some weeks of operational performance maximisation (and may also require hardware changes). Such tests are expensive in large machines like LEP. Accurate computational appraisal is therefore vital to estimate not only dynamic aperture but also-and consistently-the gamut of optical quantities culminating in the beam sizes at the collision points.
The conceptual framework and tools brought to bear on the problem of performance prediction for LEP have evolved considerably over some 20 years. Rather than review the history (traceable through thecitations), this paper will describe current best efforts to model the various LEP optics, emphasising recent high energy operation (LEP2) where the synchrotron radiation effects are strong.
CONCEPTS AND METHODOLOGY
In this paper, computing the linear machine is shorthand for the calculation of the 6D closed orbit including radiation, the eigenvectors of linear oscillations around it (hence all optical functions and the canonical transformations to * John.lowen@cem.ch, http:llwwwslap.cem.cN jawetd the eigenmodes), the 3 tunes, energy loss, damping rates, emittances, etc. Usually, the eigenmodes correspond approximately to (1,2) horizontal and vertical "betatron" oscillations and (3) "synchrotron" oscillations. These calculations are implemented in the program MAD [I] .
In MAD'S tracking, radiation damping and quantum excitation arise naturally [2] because all particle momentum changes are computed locally, according to the distribution of 2 300 RF cavities and the canonical cs-ordinates of the particle in each multipole magnet.
The dynamic aperture is the basin of attraction of the closed orbit in deteministic tracking with radiation damping [2] (without quantum fluctuations). This definition is computationally unambiguous and independent of the number of turns tracked beyond a certain minimum (for LEP2, 100 turns are ample).
The dynamic aperture of LEP is essentially determined by three classes of intentional non-linear elements: chromaticity sextupoles, RF cavities and focusing quadrupoles. of the third mode is also scanned. A dynamic aperture is typically the result of tracking 1000-2000 particles and is returned as a surface in the 3D action space [3] .
The correction procedures applied are designed to emulate the real operationalprocedures, as responses to measured quantities without knowledge of the imperfections, rather than the best that could be done computationally.
In outline, the optics evaluation procedure is: Other notebooks load the database to display and correlate machine parameters or generate comprehensive reports [6] on an optics. These include orbit and optics at key elements, emittances, tunes, survival data and dynamic apertures and differences between beams.
The environment is open-ended and congenial: it is easy to compute derived quantities such as beam-overlaps or centre-of-mass energies at the experiments; several databases can be loaded to make comparisons across optics, etc.
SAMPLE RESULTS

Dynamic aperture
LEP has operated with several optical configurations [3, 7] with varying arc cell phase advances (fiLz,$Ly). Dynamic aperture measurements have been made, where possible, with two or three different methods.
For certain optics, results of tracking with radiation are quantitatively in agreement with earlier calculations without radiation. This is the hallmark of certain physical mechanisms, e.g., detuning with amplitude onto an integer resonance. Including radiation, or even imperfections, makes little quantitative difference although the radiative beta-synchrotron coupling instability (RBSC) 12, 31 effect always steps in to accelerate initial amplitude growth. In other cases, e.g., higher orderresonances orpure RBSC, radiation and imperfections are important, the dynamic aperture has a spread and is less than for an ideal machine. Radiation effects are essential in all cases to determine the stability limit of made 3 ("momentum acceptance").
There is no space to discuss measurements here. However a recent survey [ 8 , 5 ] showed that calculation and measurement agree within about 10 % in all cases where satisfactory measurements have been made. 
CONCLUSIONS ~~
parameters at 100 GeV where VRF is just sufficient according to the conventional quantum lifetime calculation.
BY carefully constructing ensembles of model machines, ity is 1 2/&3 Y 20 turns, a "ghost" of the former dynamic aperture remains visible. Similar effects are visible in mode 2 which was already limited by RBSC. In mode 3, the dynamic aperture becomes simpler in shape although this example shows why a scan of d3 is essential. It is clear that the approximations underlying existing analytic approaches to the calculation of quantum lifetime are inadequate in this regime.
Vertical emittance
The emittance of mode 2, EZ, is a crucial parameter determining luminosity. It is determined almost entirely by machine imperfections and so can only be estimated statistically. Figure 2 shows predictions for the same optics at 94 GeV. A mismatch of €2 between beams can arise, partly because the damping partition numbers Jz can be different. Fitting shows that €2 is determined mainly by the RMS ver-
